Polo-like kinase 1 (PLK1) is an important mitotic kinase and its expression is tightly regulated in the cell cycle and in the DNA damage response. PLK1 expression is previously shown to be suppressed by p53 and/or p21. Here, we demonstrate that the CCAAT box in the PLK1 promoter is pivotal for p53/p21-mediated PLK1 repression. Chromatin immunoprecipitation showed that cyclin-dependent kinase 2 (CDK2) associated with the CCAAT box-containing region of PLK1 promoter in unstressed cells, whereas adriamycin (ADR) induced the recruitment of p21 with a concomitant reduction in the occupancy of CDK2 in this region. Expression of p21 inhibited the interaction between CDK2 and the nuclear factor YA (NF-YA) subunit of the CCAAT box-binding transcription factor NF-Y. A mutant p21 that is defective in CDK2 binding was unable to disrupt the CDK2-NF-YA interaction or suppress PLK1 transcription. Co-immunoprecipitation experiments demonstrated the interaction between NF-YA and p21, and in vitro assays showed that p21 could directly bind to NF-YA. Knockdown of NF-YA decreased the amount of PLK1 promoterassociated p21 and abolished p21-mediated PLK1 repression in cells treated with ADR. Depletion of NF-YA diminished the p53-regulated transcriptional activation and suppressed the p53-mediated protection from mitotic death after DNA damage, and these effects of NF-YA deletion were alleviated by PLK1 depletion. Our findings have uncovered a novel p21/NF-YA/PLK1 axis critical for maintaining the checkpoint function of p53 to prevent mitotic death in the DNA damage-induced response.
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Protein and mRNA levels of PLK1 remain low throughout G1 and S phases, start to increase in the G2 phase and peak during mitosis; the concordant changes in transcript and protein levels suggest that PLK1 expression is primarily controlled transcriptionally in these phases of cell cycle. 4, 5 The cell cycle-dependent element (CDE)/cell cycle gene homology region (CHR) in the PLK1 promoter represents a key transcriptional repression element; although the responsible trans-acting factors remain elusive, mutations in this bipartite cis element hinder the cell cycle-specific regulation of PLK1. 4, 5 Upon the mitotic exit, PLK1 is regulated at the protein level by anaphase-promoting complex/cyclosome-mediated ubiquitination, which destines PLK1 for proteosomal degradation. 6 The expression of PLK1 is also regulated under genotoxic stress conditions. 7, 8 Both the expression and activity of PLK1 are downregulated upon the activation of the DNA damage-induced G2/M checkpoint, which prevents mitotic entry in p53-dependent and -independent manners. 7, 9 The transcriptional repression of PLK1 induced by DNA damage can occur through the activation of G2/M checkpoint kinases ATM and ATR, and is dependent on functional p53 and/or p21. [10] [11] [12] The repressive effect of p53 on PLK1 expression appears to be CDE/CHR independent and involves the binding of p53 to a response element (p53RE2) B800-bp upstream of the CDE/CHR element and the recruitment of histone deacetylase to the vicinity of p53RE2. 13 Deletion studies suggest that the CDE/CHR element is important in p21-mediated repression of the PLK1, 14 but the underlying mechanism has not been well elucidated. The PLK1 promoter also contains one single CCAAT box, which is essential for the promoter activity; 15 the role of this element in stressresponsive PLK1 regulation has not been explored yet.
Nuclear factor Y (NF-Y) is a CCAAT box-binding transcription factor composed of three different subunits: YA, YB and YC. The association between NF-YB and NF-YC provides a docking site for NF-YA, and NF-YA is responsible for sequence-specific DNA binding. 16, 17 NF-Y-binding loci in the genome can be decorated with either positive or negative methyl-histone marks, indicating that NF-Y may serve as either an activator or a repressor in the transcriptional regulation of target genes. 18 NF-Y may cooperate with transcriptional cofactors or neighboring transcription factors in modulating gene transcription. For example, NF-Y can either repress or activate the promoter of the von Willebrand factor (VWF) gene, depending on its association with histone deacetylase 1 or p300/CBP-associated factor. 19, 20 In regulating the g-globulin gene, NF-Y may activate or repress g-globulin expression by recruiting the transcriptional activator GATA-2 or the repressors GATA-1 and COUP-TFII, respectively, to the neighboring DNA motifs. 21 Moreover, the transcriptional effect of NF-Y can be modulated by post-translational modifications. Cyclin-dependent kinase 2 (CDK2)-mediated phosphorylation of NF-YA positively regulates NF-Y-mediated activation of CCAAT box-containing genes such as CDK1, E2F1, CCNA2 and CDC25C, 22 whereas a phosphorylation-deficient mutant NF-YA represses cell cycle-regulated genes. 23 Whether any of the above-mentioned NF-Y-dependent regulatory mechanisms participates in transcriptional regulation of PLK1 is still unknown.
We have reported that p21-mediated suppression of PLK1 is responsible for the p53-mediated inhibition of mitotic catastrophe in cells with DNA damage. 11 Here, we provide evidence showing that regulation of PLK1 expression may be fine-tuned through dynamic interactions among NF-YA, p21 and CDK2 on the PLK1 promoter. We demonstrate that while CDK2 resides in the CCAAT box-containing region of the PLK1 promoter in unstressed cells, p21 binds to CDK2 and frees it from interacting with NF-YA; NF-YA, in turn, binds and anchors p21 to the PLK1 promoter and the two regulatory factors cooperate to inhibit PLK1 transcription in cells with DNA damage. Significantly, the NF-YA-mediated suppression of PLK1 is necessary to prevent adriamycin (ADR)-induced mitotic death, indicating that this novel mechanism for PLK1 regulation underlies the cell fate determination after DNA damage.
Results
The CCAAT box in the PLK1 promoter is required for p53/p21-dependent transcriptional repression of PLK1 in response to DNA damage. We have previously shown in H1299 cells stably transfected with a temperature-sensitive p53 mutant (tsp53) that the induction of functional p53 decreases PLK1 protein levels in a p21-dependent manner.
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In this study, we found that ADR treatment could increase p53 expression in HCT116 cells with or without p21 deletion, whereas levels of PLK1 protein and transcript were only decreased in the wild-type but not in the p21
À / À cells ( Figure 1a ). These data confirmed the requirement of p21 in suppressing PLK1 expression in response to the DNAdamaging reagent, and suggested a regulatory mechanism at the transcriptional level. We constructed a reporter plasmid pGL3-Luc-PLK1, which contains the À 1717/ þ 58-bp region of the PLK1 promoter, and tested its promoter activity in the isogenic HCT116 cell system. Results of luciferase assays showed that ADR treatment inhibited the PLK1 promoter activity in the wild-type but not in the p21 À / À or p53 À / À cells (Figure 1b) , indicating that the DNA damage-induced transcriptional repression is dependent on the p53/p21 pathway. Introducing a p21-expressing plasmid into p21 À / À or p53 À / À cells restored the ADR-induced PLK1 promoter inhibition, demonstrating that p21 is sufficient for this transcriptional repression.
To investigate the importance of the CCAAT box in the PLK1 promoter for p53/p21-mediated repression, a pGL3-Luc-PLK1 variant carrying a mutated CCAAT box (mCCAAT; CCAAT to CAGCT) was prepared and compared with the wild-type reporter construct (wtCCAAT) in the previously established tsp53-and neo-H1299 (vector control) stable clones. 11 Transfected cells were subjected to the temperature shift (for the induction of functional p53 in tsp53-H1299 cells) and treated by ADR to induce DNA damage, and their lysates were assayed for luciferase activities (Figure 1c ). The activity of the wtCCAAT promoter in tsp53-H1299 cells was significantly lower than that in the neo-H1299 control clone, and this repressive effect of p53 could be alleviated by p21 knockdown; however, the mCCAAT promoter was unresponsive to p53 activation. Consistent with the above results, p21 overexpression in the p53-null H1299 background was sufficient to inhibit the activity of the wtCCAAT but not the mCCAAT promoter (Figure 1d ). In H1299 and neo-H1299 cells, where p53 and p21 were not expressed, the mutation of CCAAT did not affect the PLK1 promoter activity (Figures 1c and d) . Collectively, our results suggest that the CCAAT box is essential for the DNA damage-induced p53/p21-dependent PLK1 repression.
p21 is recruited to a PLK1 promoter region containing the CCAAT box in response to DNA damage. To explore the mechanism by which p21 regulates PLK1 in cells with DNA damage, we tested if p21 can be recruited to the promoter following ADR treatment. Chromatin immunoprecipitation (ChIP) assays were performed using specific antibodies and primer sets to amplify regions of the PLK1 promoter from precipitated DNA ( Figure 2a) ; region A was used as a control whereas region B is the region containing the CCAAT box ( À 39/ À 35 bp).
14 ADR treatment induced the recruitment of p21 specifically to the CCAAT boxcontaining region in the PLK1 promoter in wild-type but not p21 À / À or p53 À / À HCT116 cells (Figure 2b ). ChIP assays using an antibody against NF-YA, that is, the DNA-binding subunit of the CCAAT box-binding NF-Y, showed that NF-YA associated with the CCAAT box-containing PLK1 promoter region in wild-type, p21
À / À or p53 À / À HCT116 cells, either with or without ADR treatment (Figure 2b ). CDK2, a kinase known to bind and phosphorylate NF-YA, 22 also associated with this promoter region; intriguingly, the association of CDK2 with promoter was markedly reduced following ADR treatment in wild-type HCT116 cells, but less evident in p21 À / À or p53 À / À cells. Similar patterns of promoter occupancy were observed in the tsp53-H1299 cells that were induced to express functional p53: NF-YA was present on the PLK1 promoter in the CCAAT box-containing region whether cells were treated with ADR or not, whereas p21 was recruited to this promoter region only after ADR treatment; CDK2 associated with the promoter in untreated cells but not in cells with induced DNA damage (Figure 2c ).
The occupancy of the CDC25A promoter was also examined as a control; ADR treatment promoted the recruitment of p21 to the À 222/ À 58-bp region that contains two CCAAT boxes, 24 which was accompanied by a reduction in CDK2 association to the same region. The reciprocal changes in the amounts of promoter-associated p21 and CDK2 in response to DNA damage suggest that p21 may regulate transcription of those target genes with CCAAT box-containing promoters by replacing CDK2 in binding to CCAAT boxbound NF-Y.
Expression of p21 disrupts the interaction between CDK2 and NF-YA. It is known that CDK2 can form a complex with NF-YA. 23 By expressing a fixed amount of NF-YA with increasing dosage of p21 in H1299 cells, we tested if p21 could affect the formation of the CDK2/NF-YA complex. Co-immunoprecipitation (co-IP) experiments showed that increasing p21 expression resulted in decreasing amounts of NF-YA detected in the CDK2 immunoprecipitates (Figure 3a) .
To confirm this effect of p21, we used the tsp53-H1299 cell system; cells were induced to express functional p53 and treated with ADR to activate the p53/p21 pathway, and cell lysates were subjected to CDK2 immunoprecipitation combined with immunoblotting analysis to detect the association between NF-YA and CDK2. In vector-transfected tsp53-H1299 cells with induced p21 expression, the CDK2/NF-YA complex could not be detected. In the p53-null neo-H1299 control cells and the tsp53-H1299 cells with p21 knockdown (p21-KD), where p21 expression could not be induced, NF-YA was co-immunoprecipitated with CDK2 ( Figure 3b) . These results support a role of p21 in negatively regulating the association between CDK2 and NF-YA.
As p21 can bind to CDK2, 25 we investigated if the CDK2-binding ability is required for the above-described p21 effect. A CDK2-binding-defective p21 mutant, p21-PRG, was tested. 26 In co-IP experiments, unlike wild-type p21, p21-PRG was unable to reduce the association between CDK2 and NF-YA in the cellular context (Figure 3c ). ChIP assays Figure 1 The CCAAT box in PLK1 promoter is pivotal for p21-mediated PLK1 repression in response to ADR treatment. (a) Isogenic p21 þ / þ (WT) and p21 À / À HCT116 cells were treated with ADR for 12 h and subsequently cultured in the ADR-free medium for 24 or 48 h; -, no ADR treatment. Lysates and RNA samples were analyzed by immunoblotting and RT-PCR, respectively. (Note: an ADR concentration of 400 mg/ml, which triggered apoptosis in 440% of the cells was used throughout this study; treating cells at lower ADR concentrations such as 50 mg/ml resulted predominantly in cell cycle arrest, and PLK1 repression was not detectable).
À / À or p53 À / À HCT116 cells were transfected with a firefly luciferase reporter plasmid containing the PLK1 promoter (pGL3-Luc-PLK1) and a TK-Renilla luciferase expression vector (pRL-TK) with or without an HA-p21-expressing plasmid, and treated with ADR as in (a). Cell lysates were prepared 24 h after the release from ADR treatment and subjected to dual luciferase activity assays. (c) The control vector-transfected (neo) or the tsp53-expressing stable H1299 clones were transfected with luciferase reporter constructs and the pSuper control vector or the p21-knockdown shRNA-expressing plasmid (p21-KD). Cells were cultured at 38 1C for 24 h, shifted to 32 1C and treated with ADR for 12 h, and transferred to a drug-free medium at 32 1C for 24 h before the luciferase activity was assayed. (d) H1299 cells were transfected with pGL3-Luc-PLK1 (wtCCAAT) or the CCAAT box-mutated construct pGL3-Luc-mutPLK1 (mCCAAT) and pRL-TK in the presence or absence of a p21-expressing plasmid; the luciferase activity was assayed at 24 h after transfection. (b-d) Normalized luciferase activities were compared with that of the control sample (which was set as 1) in each set of experiments. Bars represent mean±S.D. from three independent experiments (***Po0.001, Student's t-test)
showed that the amount of PLK1 promoter-associated CDK2 was significantly reduced when wild-type p21, but not p21-PRG, was overexpressed ( Figure 3d ). Compared with the wild-type p21, p21-PRG was less effective in suppressing the PLK1 promoter activity ( Figure 3e ) and in lowering the PLK1 mRNA levels ( Figure 3f ). Together, these results suggest that the CDK2-binding ability is required for p21 to interfere with the formation of the CDK2/NF-YA complex and to suppress PLK1 expression.
NF-YA binds to p21 directly and anchors p21 to the CCAAT box-containing promoter region for PLK1 repression. As both p21 and NF-YA were detected in the CCAAT box-containing region of the PLK1 promoter, the possibility that p21 binds to NF-YA was explored. Immunoprecipitation and immunoblotting on lysates from 293T cells co-expressing HA-tagged p21 and Flag-tagged NF-YA revealed that p21 could interact with NF-YA within cells (Figure 4a ). Recombinant GST-tagged p21 purified from E. coli could associate with in vitro translated 35 S-labeled NF-YA (Figure 4b ). Further in vitro binding analysis using GST-tagged NF-YA and His-tagged p21 purified from E. coli demonstrated that NF-YA could directly interact with p21 ( Figure 4c ). We also tested p21-PRG and found it able to bind to NF-YA in the in vitro GST pull-down assay ( Figure 4c ). However, co-IP showed that, unlike the wildtype p21, p21-PRG failed to interact with NF-YA (Figure 4d ), supporting that the CDK2-binding ability is required for p21 to interact with NF-YA in the cellular context.
The role of NF-YA in anchoring p21 to the PLK1 promoter was next examined. In Flag-p21-expressing H1299 cells, ChIP analysis demonstrated that NF-YA knockdown caused a significant reduction of the amount of p21 bound to the CCAAT box-containing region of PLK1 promoter (Figure 4e ). In contrast, compared with the control, overexpression of wild-type NF-YA but not a mutant NF-YA (m29) impaired in DNA binding 27 increased the amount of promoter-associated p21 ( Figure 4f ). Similarly, expression of NF-YA in tsp53-H1299 cells further increased the amount of promoterassociated p21 following p53 induction (Figure 4g ). These results suggest that p21 associates with the PLK1 promoter through its interaction with the CCAAT box-bound NF-YA.
NF-YA has a pivotal role in p53/DNA damage-induced PLK1 repression. The role of NF-YA in p53-mediated PLK1 suppression during DNA damage response was also investigated. The tsp53-H1299 cells were co-transfected with the pGL3-Luc-PLK1 reporter construct together with a control vector (shVec) or a plasmid-expressing NF-YAtargeting shRNAs; lysates for the luciferase assay were prepared from transfected cells after temperature-induced expression of functional p53 and ADR treatment. 
À / À HCT116 cells were treated with ADR for 12 h and subsequently cultured in the ADR-free medium for 48 h; -, no ADR treatment. (c) The tsp53-H1299 cells were cultured at 38 1C for 24 h, shifted to 32 1C and treated with ADR for 12 h, and transferred to drug-free medium at 32 1C for 48 h before samples were prepared for ChIP; -, no ADR treatment. The p21 response element ( À 222/ À 58 bp) in the CDC25A promoter was also amplified as a control p21 binds to NF-YA to repress PLK1 and prevent mitotic death Y-C Lin et al suppressive effect of p53 induction/ADR treatment on PLK1 mRNA expression in tsp53-H1299 cells, indicating that NF-YA is important for the DNA damage-induced PLK1 repression (Figure 5b ). To investigate whether the DNA-binding activity of NF-YA is required for the p21-mediated PLK1 inhibition, tsp53-H1299 cells were transfected to express wild-type or mutant NF-YA that are impaired in DNA binding (m28 or m29); 27 transfected cells were induced by the temperature shift to activate the p53-p21 axis, and cell lysates were prepared for luciferase assays. The results showed that both NF-YA mutants did not suppress the PLK1 promoter activity but the wild-type NF-YA did (Figure 5c ), indicating that the DNA-binding activity of NF-YA is required for repressing PLK1. Together, these results suggest that the promoter-bound NF-YA is essential for the p53/p21-dependent inhibition of PLK1 expression in the DNA damage response.
NF-YA-mediated suppression of PLK1 expression is important for the p53 checkpoint function and prevention of mitotic death following DNA damage. We have previously shown that p21-mediated suppression of PLK1 is necessary for the checkpoint function of p53. 11 Given the above findings suggesting that NF-YA is required for p53-mediated repression of PLK1, we examined the functional significance of NF-YA in the p53-mediated stress response. In HCT116 cells transfected with a reporter construct containing the p53 response element, luciferase assays showed that NF-YA silencing, similar to p21 depletion, decreased the ADR-induced p53 transcriptional activity (Figure 6a ). In tsp53-H1299 cells, RT-PCR analysis demonstrated that NF-YA silencing significantly reduced ADR-induced expression of p53 target genes p21 and MDM2 (Figure 6b ). In NF-YA knocked-down tsp53-H1299 cells, PLK1 silencing abrogated the suppressive effect of NF-YA depletion on p53 transcriptional activity (Figure 6c) , suggesting that the increased PLK1 expression resulting from NF-YA silencing may underlie the inhibition of p53 activity.
We have previously shown that p53 protects cells from ADR-induced mitotic death. 28 By examining the formation of multinucleated cells and the increase in subG1 DNA content to assess mitotic death, we investigated the functional significance of NF-YA in the mitotic checkpoint function of p53. Compared with the control, HCT116 cells depleted of NF-YA and p21
À / À cells similarly displayed a significant increase in the formation of multinucleated cells following exposure to ADR (Figure 6d ), suggesting that both p21 and NF-YA participate in protecting cells from mitotic death. Analysis of the subG1 DNA content in ADR-treated tsp53-H1299 cells revealed that NF-YA silencing significantly increased the subG1 cell population; this effect was diminished by simultaneous knockdown of PLK1, suggesting that the effect of NF-YA depletion on mitotic death resulted from increased PLK1 expression (Figure 6e ). Colony formation assays verified that depletion of NF-YA decreased the survival of ADR-treated cells. The clonogenic activity of NF-YA-depleted cells was substantially reduced relative to the vector control cells, and the depletion of PLK1 in these cells partially restored the colony formation activity (Figure 6f) . Collectively, our results suggest that by repressing PLK1 expression, NF-YA has an important role in the p53 checkpoint function that helps to prevent DNA damageinduced mitotic death. 
Discussion
We have uncovered that beyond its well-known role as a p53 downstream checkpoint component that binds CDK2 and halts cell cycle progression, p21 can directly bind to NF-YA on the PLK1 promoter and actively suppress PLK1 transcription to inhibit mitotic entry and prevent mitotic catastrophe. We propose a model of NF-Y-mediated transcriptional regulation of PLK1 expression ( Figure 7) . In unstressed cells, NF-YA is associated with and phosphorylated by CDK2, which facilitates NF-Y binding to the CCAAT box and activates transcription 22 presumably by recruiting coactivators with the histone acetyltransferase activity to the PLK1 promoter region to acquire an active chromatin environment; 20 the cell cycle-dependent regulation of CDK2 may help to ensure the normal progression of cell cycle in this scenario. Upon DNA damage, the activation of p53 leads to increased p21 levels, which causes the replacement of CDK2 by p21 in interacting with the CCAAT box-bound NF-YA, turning the CCAAT boxassociated regulatory complex into a repressive one; presumably through recruitment of corepressors with the histone deacetylase activity to remove the acetylation of histones, 20 the p21/NF-Y complex causes transcriptional repression of PLK1 and thereby prevents mitotic catastrophe. Notably, we have also observed the replacement of CDK2 by p21 in associating with the CCAAT box in the promoter of another p21-repressible gene, CDC25A, after ADR treatment. 14, 24 This finding suggests that the dynamic interplay among CDK2, p21 and NF-YA might be a commonly adopted mechanism in regulating CCAAT box-containing promoters in response to DNA damage.
Our results show that p21-PRG, a p21 mutant defective in CDK2 binding, retains the ability to directly interact with NF-YA in vitro, suggesting that the CDK-interacting and NF-YAinteracting regions of p21 are independent. In the cellular context, however, p21-PRG does not bind CDK2 or interact Lysates were prepared from H1299 cells overexpressing NF-YA and Flag-tagged p21 or p21-PRG, and subjected to immunoprecipitation with anti-p21 antibodies. Proteins in the input lysates or precipitates were analyzed by immunoblotting using specific antibodies. (e-g) ChIP assays. Immunoprecipitation were performed using anti-Flag or anti-p21 antibodies. DNA in precipitates was amplified using primer sets for regions A and B shown in Figure 2a . Amounts of promoter-associated Flag-p21 or p21 were normalized to the individual inputs and compared with the value of the vector control sample (which was set as 1). Expression levels of NF-YA and p21 in samples were also analyzed by immunoblotting. The binding of p21 to CDK2 may result in the inhibition of CDK2 phosphorylation on NF-YA and the unphosphorylated NF-YA can then interact with p21. CDK2 was reported to activate NF-YA by phosphorylating its Ser-291 and Ser-297 residues. 22 It is conceivable that we could detect the p21-PRG/NF-YA interaction in our in vitro binding assays because we used recombinant NF-YA from E. coli that had not been phosphorylated at the CDK2 substrate sites. Consistent with this scenario, our preliminary data showed that an NF-YA mutant, which is unable to be phosphorylated by CDK2 was more potent in supporting p21-dependent repression of PLK1 than the phosphomimetic mutant (unpublished results).
In the cellular response to the DNA damage stress, both p21-dependent and -independent mechanisms are used by p53 to ensure the suppression of PLK1. Our finding that p21 mediates the DNA damage-induced p53-dependent suppression of PLK1 does not exclude the possibility of direct suppression of PLK1 transcription by p53. The binding of p53 to a promoter element (p53RE2) B800-bp upstream of the CCAAT box is stimulated by DNA damage and responsible for inhibiting the PLK1 promoter activity independently of p21. 13 In addition, p53 also represses a number of G2/M regulatory genes, such as CDC25B, CDC25C, CCNB1 and CDK1. [29] [30] [31] [32] Promoters of these G2/M genes share some regulatory elements with the PLK1 promoter, including the CDE/CHR element and the CCAAT box. However, unlike the PLK1 promoter that has one single CCAAT box, these G2/M gene promoters contain multiple CCAAT boxes immediately upstream of CDE/CHR. 33 In regulating these G2/M regulatory genes, p53 forms complexes with NF-YA and NF-YC bound on the CCAAT box promoter elements and converts NF-Y to a transcriptional repressor in the G2/M checkpoint response. 33, 34 In contrast, p53 is not detected in the CCAAT box region of the PLK1 promoter. 13 Whether this difference in p53 recruitment is due to the presence of different numbers of the CCAAT box still requires investigation.
Our findings that the loss of NF-YA inhibits p53 activation and abolishes the p53-mediated protection from DNA damage-induced mitotic catastrophe have assigned a role to this ubiquitous transcription factor as a key molecule in the p53-dependent checkpoint functions. The NF-YA-dependent suppression of PLK1 is pivotal for maintaining the p53 checkpoint function. It has been reported that PLK1 inhibits p53 transcriptional activity via direct binding; thus, inhibition of PLK1 by NF-YA should relieve its suppression on the p53 activity. 11, 35 In this sense, NF-YA may function as an important component of the auto-regulatory loop that is required to maintain p53/p21-mediated G2/M checkpoint activities. It is worth noting that the inactivation of NF-YA has been shown to functionally activate p53 and increase apoptosis in the absence of DNA damage. 36 Thus, consistent with the dual roles of NF-YA in regulating G2/M regulatory genes, it seems that depending on whether or not the cells are stressed, NF-YA can exert opposite effects in regulating p53 activities.
PLK1 overexpression has been reported in a variety of cancers and is tightly linked to poor prognosis. 8 Selective inhibitors of PLK1 have been shown to suppress tumor growth in vivo and in vitro; 37 hence, this mitotic kinase has recently emerged as a potential target for anticancer drug development. 38 By demonstrating that NF-YA is necessary for p21-mediated PLK1 suppression during the DNA damage response, this study provides important mechanistic insight into how PLK1 may be regulated, which should aid in the development of novel strategies targeting PLK1 for cancer therapy. -H1299 and the control neo-H1299 cell lines were maintained in RPMI-1640 supplemented with 10% FBS; these clones were cultured at 38 1C as p53-null cells, or transferred to 32 1C for the induction of functional p53 in tsp53 V143A -H1299 cells. Cells of p21-deficient tsp53-H1299 (p21-KD) and vector control clones were cultured at 38 1C in the presence of 400 mg/ml hygromycin and 0.2 mg/ml G418. 293T (human embryonic kidney cells with wild-type p53 alleles and residual p53 activities despite the presence of SV40 large T antigen), and HCT116 (human colorectal carcinoma cells with wild-type p53) and its isogenic (p53 À / À or p21 À / À ) cell lines (provided by Dr. Tzu-Hao Cheng at the Institute of Biochemistry and Molecular Biology, National Yang-Ming University, Taipei, Taiwan) were cultured at 37 1C in DMEM supplemented with 10% FBS. All cells were maintained in a humidified atmosphere of 5% CO 2 /95% air.
Immunoblotting analysis. Cells were lysed in a lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na 2 ethylenediaminetetraacetic acid (EDTA), 1 mM EGTA, 1% Triton X-100 and a protease inhibitor cocktail added immediately before use) on ice for 30 min and centrifuged at 12 000 g at 4 1C for 15 min. Proteins (40-mg samples) were subjected to 8-12% SDS-PAGE, transferred to the Hybond-C Extra membrane (Amersham Biosciences, Piscataway, NJ, USA), and incubated with antibodies against proteins of interest, including NF-YA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), CDK2 (Santa Cruz Biotechnology), PLK1 (Zymed Laboratories, South San Francisco, CA, USA), p21 (Calbiochem, Merck KGaA, Darmstadt, Germany), p53 (Calbiochem), GAPDH (Abcam, Cambridge, UK) and a-tubulin (Sigma-Aldrich, St Louis, MO, USA). Protein signals were detected using a chemiluminescence detection system (Amersham Biosciences) and captured on the Super RX X-ray film (FujiFilm, Tokyo, Japan).
Plasmid construction. The firefly luciferase reporter construct pGL3-Luc-PLK1 was generated by cloning the À 1717 to þ 58 (numbered relative to the . Mutagenesis was performed using a QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocols to generate variant reporter constructs with specific mutations in the PLK1 promoter, or a p21 mutant (p21-PRG)-expressing construct. Specific mutagenic primer pairs were PLK1 mCCAAT-F (5 0 -GGATTTT AAATCCCCGCGGCAGCTCAGTGGCGCG-3 0 ) and PLK1 mCCAAT-R (5 0 -CC CGCCCAAACCTAAAATTTAGGGGCGCCG-3 0 ) for the mCCAAT reporter construct, and p21-PRG-F (5 0 -AGCGATGGAACTTCGACTTTCCGCGAGGACTG GAGGGTGACTTCG-3 0 ) and p21-PRG-R (5 0 -AAAGTCGAAGTTCCATCGCT CACGGGCCTCCTGGAT-3 0 ) for the p21-PRG expression construct; underlined sequences shown in the primers are the mutated nucleotides. Multiple (12-16) PCR cycles were used to amplify the entire vector, and the PCR products were digested with DpnI for 1 h at 37 1C and subsequently transformed into E. coli. DNA was extracted from transformants and the target sequence was verified by DNA sequencing. For constructing GST fusion protein-expressing plasmids, NF-YA and p21 cDNA fragments were generated by PCR amplifications using specific primers. PCR fragments were ligated, in-frame, into pGEX-3X-KS (Amersham Biosciences) or pREST A (Invitrogen, Carlsbad, CA, USA) and transformed into BL21.
Luciferase reporter assay. Cells were co-transfected with a luciferase reporter plasmid, such as pGL3-Luc-PLK1, pGL3-Luc-mutPLK1 (with a mutated CCAAT box) or pGUP.PA.8-p53RE (a luciferase reporter construct containing four copies of p53RE), together with the Renilla luciferase control vector pRL-TK (Promega, Fitchburg, WI, USA). Lysates were prepared 24 h after transfection and assayed for the luciferase activity using a dual-luciferase reporter assay system (Promega). The activity of the firefly luciferase was normalized to that of the Renilla luciferase in the same assayed sample.
Lentiviral production and transduction. Plasmids for the expression of shRNAs targeting NF-YA (TRCN0000014298 and TRCN0000014930) or PLK1 (TRCN0000121073 and TRCN0000121325) were obtained from the National RNAi Core Facility Platform (located at the Institute of Molecular Biology/Genomic Research Center, Academia Sinica), which is supported by the National Core Facility Program for Biotechnology, Taiwan. Viral packaging was performed as described. 11 For target cell transduction, cells were grown to 60% confluency, and the virus-containing media were added to cells with polybrene (8 mg/ml). At 24 h after transduction, the virus-containing media were removed and cells were collected for further experiments. As shNF-YA expression caused a rapid decrease in the number of HCT116 cells, it was not possible to select for infected cells; however, the efficacy of each batch of the NF-YA shRNA-expressing lentiviral particles was assessed by immunoblotting for NF-YA before conducting further experiments.
In vitro binding assay. E. coli transformants carrying plasmids for different fusion proteins were grown in the presence of 0.1 mM isopropyl-b-D-thiogalactoside for 3.5 h at 30 1C to induce the expression of fusion proteins. For purification of GST-tagged proteins, bacteria were lysed by sonication in buffer A (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, 1 mM EDTA and 15% glycerol) and the lysates were filtered through a 0.45-mm filter membrane. GST-tagged proteins were purified using glutathione-sepharose beads in buffer A. For purifying His-tagged proteins, bacteria were lysed by sonication in the lysis buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl, 20 mM imidazole and 0.05% Tween 20) and the lysates were filtered through a 0.45-mm filter membrane and subsequently incubated with the Ni-NTA resins (Qiagen, Hilden, Germany). His-tagged proteins bound on resins were eluted in a lysis buffer containing 200 mM imidazole. The eluted proteins were concentrated and exchanged in phosphate-buffered saline (PBS) by Microcon YM-3 (Millipore, Billerica, MA, USA) and were stored at À 70 1C. The [ 35 S] Met-labeled proteins were prepared using the TNT Quick Coupled Transcription/Translation system (Promega) according to the manufacturer's instructions. For binding assays, the GST-tagged proteins were immobilized on glutathione-sepharose beads and incubated with purified His-tagged proteins at 4 1C overnight or with the [
35 S] Met-labeled proteins at 4 1C for 4 h. After washing with PBS, the beads-bound proteins were subjected to 10% SDS-PAGE and immunoblotting or autoradiography.
RNA extraction and RT-PCR. Total RNA was isolated with the TRIzol reagent (Invitrogen). The RNA (5 mg) was reverse transcribed into cDNA using the oligo-d(T) [12] [13] [14] [15] [16] [17] [18] primer and reverse transcriptase in a 20-ml reaction mixture. Amplification was performed for CDKN1A (20 cycles) using primers p21-F ( Co-immunoprecipitation. For immunoprecipitation, each 1-mg sample of cell lysates was pre-cleared by incubating with 20 ml of protein A-sepharose beads (Amersham Biosciences) for 1 h at 4 1C to reduce nonspecific binding, and subsequently allowed to react with 1 mg of an antibody against the protein of interest for 16 h at 4 1C; the antibody was incubated with protein A-sepharose beads for 1 h at 4 1C beforehand. After washing, proteins in the immunoprecipitated complexes were separated by 10% SDS-PAGE and detected by using a chemiluminescence detection system (Amersham Biosciences) and captured on the Super RX X-ray films (Fuji Film).
Chromatin immunoprecipitation. The assay was performed as described previously. 11 The antibodies used include NF-YA (Santa Cruz Biotechnology), CDK2 (Santa Cruz Biotechnology), p21 (Santa Cruz Biotechnology) and Flag (Sigma-Aldrich). Promoter regions of PLK1 (Figure 2a ) and CDC25A were amplified by PCR. Primer pairs used were PLK1 region A-F (5 0 -AG ACTAGGAGGTGGTGGTGTTGGCA-3 0 ) and PLK1 region A-R (5 0 -TGAAGGACAA TGAGGACAATGATGC-3 0 ), PLK1 region B-F (5 0 -CCCTGGCCCCGAGGTAGAGG AAGATTT-3 0 ) and PLK1 region B-R (5 0 -GAAGATCTTCCGCTCCTCCCCGAATTC AAACGCGGCGCTG-3 0 ), and CDC25A-F (5 0 -AGAGCCGATGACCTGGCAGAG TCCC-3 0 ) and CDC25A-R (5 0 -GTCTTCGCTGTTCTCCCACCCGCTT-3 0 ).
Fluorescence cell staining. Cells grown on glass coverslips were fixed in 5% formaldehyde for 15 min at 25 1C and incubated in PBS containing 0.5% Triton X-100 for 15 min. Cells were subsequently stained with 4 0 ,6 0 -diamidino-2-phenylindole for 45 min in the dark and examined under a fluorescence microscope (ECLIPSE E800, Nikon, Tokyo, Japan). Figure 7 NF-YA participates in the transcriptional regulation of PLK1 expression. We propose a model in which the dynamic interplay among CDK2, p21 and NF-YA on the promoter fine tunes PLK1 expression. In unstressed cells, CDK2 associates with NF-YA bound on the CCAAT box in the PLK1 promoter to allow cell cycle progression. DNA damage activates p53 and induces p21 to replace CDK2 in binding to NF-YA, which causes PLK1 repression and prevents mitotic cell death. In cells depleted of p21 or NF-YA, DNA damage fails to repress PLK1 expression; as a result, PLK1 acts to attenuate functions of p53, thereby resulting in mitotic catastrophe. Ac, acetylation of histones; P, phosphorylation of NF-YA p21 binds to NF-YA to repress PLK1 and prevent mitotic death Y-C Lin et al
